INTRODUCTION
============

Transcription of structural genes is directed by the corresponding promoters, and their DNA sequence encodes timing, strength, direction and position of transcriptional initiation. Therefore, decoding the promoter sequence is one of the most important issues in genome biology.

A typical promoter is composed of a core promoter and regulatory domains. Several core promoter elements have been identified: the TATA box, the TFIIB-Recognition Element (BRE), Inr, the Downstream Promoter Element (DPE) for *Drosophila* promoters and CpG islands ([@B1]). They function cooperatively or opposingly depending on their characteristics ([@B1],[@B2]).

Studies on comprehensive mapping of transcription start sites (TSSs) of mammals have revealed that a promoter often contains multiple TSSs as a cluster, and the shape of the cluster, as well as the profile and strength of expression is reflected by the type of the core promoter. Mammalian TATA-type promoters show tissue-specific expression and sharp TSS cluster with one major TSS, while CpG-associated promoters, found more in TATA-less promoters, tend to show ubiquitous rather than regulated gene expression and broad-type TSS clusters ([@B3],[@B4]). These observations suggest differentiated and complementary roles between the TATA box and the CpG island in mammals. Recently, differential mutation rates of promoters according to the core types have been observed ([@B5]), indicating that the core type of a promoter determines not only transcriptional characteristics but also evolutional tendency.

In spite of the various identified core promoter elements mentioned above, it is not known if all the promoters in a genome can be explained by these core elements, or whether unknown elements are still to be found. In addition, much less information is available for plant core promoters.

Regulatory regions are often found upstream of the core promoter region. A systematic deletion analysis of 387 human promoters by Cooper *et al.* suggests that a 1 kb promoter can be divided into two regulatory regions: −1000 to −500 bp as a negative regulatory region and −300 to −50 bp for positive contribution to core promoter activity ([@B6]). Another report on the distribution of human regulatory elements suggests that they make clusters at the 5′ regions of genes as well as at the 3′ regions ([@B7]). In addition, so-called long-range enhancers which act from as far away as 1 Mb are also reported ([@B8],[@B9]).

The structure of a promoter is recognized by the presence of known promoter elements. Therefore, accurate recognition of a promoter structure relies on a comprehensive list of promoter elements. The availability of complete genome sequence has led to the development of approaches utilizing bioinformatics to extract promoter elements: extraction of consensus sequences from a set of co-regulated promoters \[Gibbs Motif Sampling ([@B10],[@B11]), MEME ([@B12])\], searches for over-represented sequences in a co-regulated promoter set over a reference set ([@B13; @B14; @B15]), and identification of conserved sequences at the promoter region by comparative genomic approaches ([@B16; @B17; @B18; @B19]). The discovery of preferential localization of several transcription factor-binding sequences along human promoters ([@B20]) opened up a novel approach to extract elements according to distribution profiles along promoters ([@B21],[@B22]). The advantages of this method are: (i) sensitive detection of minor elements in the analyzed promoter set, which is superior to the extraction of consensus sequences, (ii) no knowledge of co-regulated gene sets is required and (iii) the availability of single genome-specific information. A combinational approach of detection of consensus sequences and consideration of their positional information is also reported \[A-GLAM, ([@B23])\].

Promoter elements identified by any of these approaches can be used for promoter annotation, classification and prediction ([@B24],[@B25]). Compared with the rich information available on animal promoters, plant promoter architecture is poorly understood, and in particular, information about the core region is sparse. In order to understand plant promoter architecture, we applied the extraction method with the distribution profile to *Arabidopsis* and rice promoters \[LDSS (local distribution of short sequences) analysis, ([@B26]) to detect REG (Regulatory Element Group), TATA and Y Patch (pyrimidine patch)\] groups. The preferred sequences of *Arabidopsis* and rice were moderately differentiated, but essentially all the major groups were conserved. It was expected that the REG and TATA groups would be found in plant promoters as well as in animal promoters, but there were no reports of Y Patch from an animal genome. Therefore, we decided to investigate if it can also be detected in mammalian promoters by the same approach. In addition, we addressed if CpG-type promoters also exist in plants as well as in mammals. Our comparative analyses have revealed conservation and differentiation of the promoter architecture between plants and mammals. This is the first report on the differentiation of core promoter architectures between higher plants and mammals.

MATERIALS AND METHODS
=====================

Sequence analysis
-----------------

Preparation of *Arabidopsis* and rice promoter sequences are described elsewhere ([@B26],[@B27]). A total of 30 957 human promoters sequences and 18 088 mouse sequences were obtained from DBTSS ([@B28]) (<http://dbtss.hgc.jp>). All the utilized promoter sequences are based on experimentally identified TSSs.

Extraction of LDSS-positive octamer sequences was done as described elsewhere ([@B26]). Clustering of the octamers according to distribution profiles was achieved using the Cluster software (<http://rana.lbl.gov/EisenSoftware.htm>) with the *k*-means method, and visualized by TreeView (<http://rana.lbl.gov/EisenSoftware.htm>). Clustering was achieved by two sequential steps, where related clustering groups were joined and then subjected to a second clustering analysis. The other sequence analyses were achieved with the aid of perl and C++ programs and also Excel software (Microsoft Japan, Tokyo).

Mammalian regulatory motifs were identified with the following information: CCAAT motif (CCAAT) ([@B29]), CRE-related motif \[TGACGT, cAMP responsive element ([@B21])\], ETS \[G/CCGGAA, regulation of embryonic and adult hematopoiesis ([@B21],[@B30])\], NRF-1 \[CGCATG, regulation of mitochondrion targeting protein genes ([@B31])\].

RESULTS AND DISCUSSION
======================

Extraction and grouping of LDSS-positive octamers from plants and mammals
-------------------------------------------------------------------------

In our previous report, *Arabidopsis* and rice promoters from −1000 to −1 region were analyzed. This work extends the analyzed region from −1 to +200. All the possible octamer sequences (4^8^ = 65 536) were examined for distribution profiles along the −1000 to +200 region relative to identified TSSs, and ones with localized distribution were extracted according to the method called LDSS analysis as described previously ([@B26]). 1719, 1148, 1597 and 2719 sequences were identified as LDSS-positive octamers from *Arabidopsis*, rice, human and mouse, respectively. These octamers were subsequently subjected to clustering analysis according to their distribution profiles.

Recently, Kiran *et al.* reported the effects of extensive point mutations of a typical TATA element on transcriptional activity measured by tobacco transient assays ([@B32]). We found that their results are nicely explained by our LDSS analysis for *Arabidopsis* TATA sequences (Table S1). These results clearly indicate the functional implication of LDSS parameters.

Characterization of the clustered groups
----------------------------------------

Clustering analysis has revealed several octamer groups that share distribution profiles ([Figure 1](#F1){ref-type="fig"}). As reported previously ([@B26]), REG (Regulatory Element Group), TATA and Y Patch (pyrimidine patch) groups are found in *Arabidopsis* and rice. The TATAD group ([Figure 1](#F1){ref-type="fig"}, and Table S2 for the sequence) appears between the TATA box and the TSS. In this report, we extended the analyzed promoter region from −1 to +200. This extension resulted in the identification of Initiator (Inr) that is a consensus around the TSS, and a consensus for translational initiation (Kozak). In addition, minor motifs shown as CA, GA, CAAC and Down are also recognized in this study ([Figure 1](#F1){ref-type="fig"}, and Table S2 for sequence). In order to focus on promoter architecture in relation to transcriptional regulation, groups with distribution peaks downstream of Kozak are neglected in this study. According to the extension of the analyzed region from our previous studies on rice ([@B26]) and subsequent clustering, TATAD, Inr, CA, GA, CAAC, Down and Kozak groups have been newly recognized in this study, and new members of Y Patch have been detected. Figure 1.LDSS-positive octamer groups. Distribution profiles of the clustered LDSS-positive octamers from *Arabidopsis*, rice, human and mouse are shown. The arrow in the figure indicates the width for 100 ocatmers.

As expected, human and mouse share REG, TATA, Inr and Kozak with plants ([Figure 1](#F1){ref-type="fig"}). However, mammalian groups lack the Y Patch. Instead, CG-rich group (CpG1 and CpG2, Table S3 for sequence), that have similar distribution profiles to plant Y Patch groups, are detected ([Figure 1](#F1){ref-type="fig"}). Sequences of the detected groups by LDSS analysis are shown in Table S4 (human) and Table S5 (mouse), and summarized in [Table 1](#T1){ref-type="table"}. The summary table also shows directional sensitivity of the groups. REG and Sp1 are both direction insensitive, which means the complementary sequence of a member also shows the same distribution profile. TATA, Y Patch, Inr and Kozak are direction sensitive. As shown in the table, the directional characteristics of each group are conserved among plant and mammalian species. It should be mentioned that the identified direction sensitivity does not conflict with our biological knowledge on the indicated elements. Table 1.Detection of major groups by LDSS analysis*Arabidopsis*RiceHumanMouse% comp[^a^](#TF1){ref-type="table-fn"}Direction sensitivity[^b^](#TF2){ref-type="table-fn"}REGYesYesYesYes41--57NoTATAYesYesYesYes6--12YesSp1NoNoYesYes56--64NoCpGNoNoYesYes35--37Yes/noY PatchYesYesNoNo0YesInrYesYesYesYes0--11YesKozakYesYesYesYes0--13Yes[^1][^2]

Taking the groups found in both plants and mammals, we carried out analysis to determine how many octamer sequences are conserved ([Figure 2](#F2){ref-type="fig"}). As shown in Panel A, sequence conservation is most obvious for the TATA groups in both plants and mammals, and the Inr and REG groups are less conserved, except for mammalian REG groups. Conservation between plants and mammals is shown in Panel B, and the tendency observed in Panel A is again obvious by comparison of the plant and mammalian groups. These results indicate that TATA sequences are well conserved between plants and mammals, while Inr and REG are not. Although there is no shared octamer for plant and mammalian Inr, a dimer consensus at the −1/+1 position, the YR Rule, where Y (C or T) at the −1 position and R (A or G) at +1, is applicable to both mammals ([@B4]) and plants ([@B26]). Therefore, the consensus for TSSs at a dimer level is essentially conserved between plants and mammals. Figure 2.Conservation of octamer sequences. Numbers indicate conserved and differentiated octamer sequences. Sequences for plant TATA and REG were obtained from a previous report ([@B26]). Directional insensitivity was considered for the REG group. (**A)** Sequence conservation between *Arabidopsis* and rice, and between human and mouse. (**B)** Sequence conservation between plants and mammals. Sequence numbers of plants and mammals are of consensus sequences between *Arabidopsis*, and rice, and human and mouse, respectively, as shown in Panel A.

In summary, common promoter element groups have been revealed from plant and mammalian promoters, judged by shared distribution profiles and direction sensitivities. The most conserved group is the TATA box whose sequences are also well conserved. The other common groups, REG and Inr, have differentiated sequences between plants and mammals.

Promoter elements including regulatory and core ones are recognized by *trans*-factors, that are DNA-binding proteins in most cases. Therefore, conservation of TATA box between higher plants and mammals would be a reflection of conservation of the TATA-binding proteins, and divergence of REG would be due to diversification of DNA-binding transcription factors. This idea is supported by the fact that TATA-binding proteins have been found from *Arabidopsis*, human and also yeast with high conservation ([@B33]), and that ∼45% of the *Arabidopsis* transcription factors belong to plant-specific gene families ([@B34]).

Subgroups of mammalian REG
--------------------------

We noticed that mammalian REGs could be further classified into several subtypes according to distribution profiles ([Figure 1](#F1){ref-type="fig"}, REG). The mouse octamer sequences of these subgroups are shown in Table S6. As seen in the table, most octamers of mouse REG1 are CCAAT boxes, whereas in REG2 CRE is common but CCAAT is very rare, indicating a certain relationship between distribution profiles and sequence motifs. After trails of classification by *k*-means clustering with several *k* values, we found that clustering into four groups resulted in the most uneven or distorted separation of motifs for human and mouse REGs. The distributional differentiation of mouse *cis*-elements is summarized in [Figure 3](#F3){ref-type="fig"}. Our data indicates that a CCAAT-binding factor comes upstream of ETS if they co-exist in a promoter ([Figure 3](#F3){ref-type="fig"}A). This differentiation of the mammalian REG may facilitate functional cooperation of different types of transcription factors. This phenomenon appears to be specific to mammals and is not observed in the plant REG. Figure 3.Mouse REG subgroups. Composition of motifs among mouse REG subgroups as shown in [Figure 2](#F2){ref-type="fig"}. Numbering of the subgroups is the same as [Figure 2](#F2){ref-type="fig"}. (**A**) Illustration of rough positioning of each REG subgroup. (**B**) Motif composition of each subgroup. See Table S6 for the sequence list and motif definition.

Recently, Blanchette *et al.* reported that distinct sets of regulatory elements are found according to where they appear: long range (\>100 kb upstream), distal (1--10 kb upstream), proximal (0--1 kb upstream), downstream (1 kb from 1st intron), and intron type (intron) ([@B7]). Our results indicate that the proximal group can be further classified into subgroups according to their local distribution.

Absence of Sp1 in plant promoters
---------------------------------

The Sp1 element of mammalian promoters is recognized by a transcription factor, Sp1 ([@B35]). Groups of mammalian octamers are associated with the element, but no plant group could be assigned to it ([Figure 1](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Further investigation of distribution profiles for the Sp1 core sequence revealed that the Sp1 element is not associated with plant promoters at all ([Figure 4](#F4){ref-type="fig"}A), strongly suggesting that it is not used in plants. Supporting this idea, genes for the Sp1 factor are not found in the *Arabidopsis* or rice genomes (data not shown). Therefore, the absence of the Sp1 element in plant promoters is reasonable. Figure 4.Absence of Sp1 and CpG-islands in plant promoters. (**A**) Distribution profiles of the core sequence of the Sp1 element \[GGGCGG and its complementary sequence, CCGCCC ([@B30])\] are indicated in the promoter sets of human (Hs), mouse (Mm), *Arabidopsis* (At) and rice (Os). (**B**). Distribution profiles of the CpG dimer are shown.

Absence of CpG-islands in plant promoters
-----------------------------------------

Mammalian promoters are known to be associated with CpG-islands ([@B1],[@B36]). It has been estimated that half of the mammalian promoters for protein-coding genes contain CpG islands ([@B1]). They are thought to have a role in core promoter function, especially in TATA-less promoters ([@B1],[@B4]), but their exact function in transcription remains poorly defined ([@B1]). It is also known that CpG islands are a target for epigenetic regulation and are supposed to achieve transcriptional control ([@B37],[@B38]).

The CpG-related octamer group was detected in mammalian promoters by LDSS analysis ([Figure 1](#F1){ref-type="fig"} and Table S3 for sequences). However, it was not found in plant octamer groups ([Figure 1](#F1){ref-type="fig"} and summarized in [Table 1](#T1){ref-type="table"}). This observation raised the idea that plant promoters are not associated with CpG islands. In order to confirm this possibility, we subsequently examined distribution profiles of the CpG dimmer sequence along the promoter region ([Figure 4](#F4){ref-type="fig"}B). As expected, human and mouse showed a distributional peak at the TSS, consistent with a previous study of human promoters ([@B21]). Our preliminary analysis suggested that the CpG dimmer is also associated with zebrafish TSS, though less drastic than mammals (Yamamoto and Obokata, unpublished data). In clear contrast, neither *Arabidopsis* nor rice promoters have a concentration of CpG dimmers at the TSS region, indicating that plant promoters are not associated with CpG islands. There are more CpG dimmers downstream of the TSS in *Arabidopsis* and rice, possibly due to the GC-rich protein-coding regions. These analyses have revealed that core promoter architecture being differentiated between mammals and higher plants. This is the first report to show such differentiation.

Mammalian 'broad type' promoters, where the TSSs are scattered evenly within a TSS cluster, are known to be associated with CpG islands ([@B3],[@B4]). *Arabidopsis* also has 'broad type' promoters (Yamamoto and Obokata, unpublished data), but they are not associated with CpG islands.

Y Patch as a core promoter element specific to higher plants
------------------------------------------------------------

Although there is a lack of CpG-related groups in plant octamers, plants have another group with a similar distribution profile, Y Patch ([Figure 1](#F1){ref-type="fig"}). A typical Y Patch is composed of C and T (pyrimidine) ([@B26]) (Table S2). Our octamer LDSS analyses detected Y Patch only from *Arabidopsis* and rice and not from human and mouse ([Table 1](#T1){ref-type="table"}). These results indicate that Y Patch is a higher plant-specific element. In order to confirm this, we analyzed distribution profiles of pyrimidine dimers, CT and TC, for more sensitive detection of pyrimidine stretch ([Figure 5](#F5){ref-type="fig"}). The results clearly shows that mammalian promoters are not associated with pyrimidine stretch at all, in contrast to the results of *Arabidopsis* and rice promoters. Similar analyses for zebrafish promoters suggested absence of Y Patch in zebrafish promoters as well (Yamamoto and Obokata, unpublished data). Figure 5.Absence of Y Patch in mammalian promoters. Distribution profiles of CT and TC dimers are shown. Sharp peaks correspond to Inr or Inr-like sequences.

Both the mammalian CpG-related group and the plant Y Patch group have distribution peaks around the TSS and show a gradual decrease with increased distance from the TSS ([Figure 1](#F1){ref-type="fig"}). However, we found no other shared characteristics between CpG islands and Y Patch. Different from the case of CpG islands, no methylation target is known for Y Patch. In addition, Y Patch has strict direction sensitivity in contrast to CpG-related groups ([Table 1](#T1){ref-type="table"}). Therefore, even though both groups have similar distribution profiles, Y Patch would not be a functional equivalent of a CpG island. Methylated cytosines have the potential to be mutated to thymines, thus m^5^CpG has an evolutional tendency to be changed to TpG ([@B39]). Taking this into account, there is still no relationship between CpG and Y Patch.

Y Patch is detected not only by our LDSS analysis. A search for consensus sequence from *Arabidopsis* core promoters by MEME and AlignACE also discovered a Y Patch-related motif \[Motif 1: TTTCTTCTTC, ([@B40]). *Arabidopsis* TSS regions are reported to show CG-compositional strand bias, or CG skew, where C is more frequently observed in the (+) strand than G ([@B41],[@B42]). We suggest that this CG skew is a reflection of the presence of Y Patch around TSSs. According to the distribution profile and direction sensitivity of Y Patch, it has the potential to determine the direction of transcription, but its function is yet to be elucidated.

CONCLUSIONS
===========

In this study, we have identified conservation and differentiation of core promoter architectures between higher plants and mammals by LDSS analysis. Comparison of *Arabidopsis*, rice, human and mouse promoters has revealed three categories: shared groups found in both higher plant and mammals (TATA box), common groups found in both kingdoms but the utilized sequence is differentiated (REG, Inr and Kozak), and specific groups found in either higher plants or mammals (CpG and Y Patch). The finding of the third group indicates differentiated architectures of higher plant and mammalian core promoters.
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Supplementary Data are available at NAR Online.
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[^1]: ^a^Percentage of sequences whose complementary sequences are also found in the group.

[^2]: ^b^Judged as no sensitivity if % comp is over 50.
